The DNA sequences of the A&z genes of three members of the Drosophila melanogaster species subgroup have been determined.
Introduction
Drosophila offers many advantages for the study of molecular evolution. This is not only because of the wealth of our knowledge of one species, D. melanogaster, but also because relationships within and between species groups have been studied experimentally for many years, not least by the powerful method of polytene chromosome banding pattern analysis. Drosophila melanogaster itself belongs to the melanogaster species group of the subgenus Sophophora. Most closely related to the obscura species group, the melanogaster species group includes 158 species and 12 species subgroups. The great majority of these subgroups are endemic to the Oriental region. A few, in particular the large montium species subgroup, with Afrotropical and Eastern Palearctic members, and the small melanogaster species subgroup, which is essentially Afrotropical in its distribution, are exceptional. The relationship between the montium and melanogaster species subgroups is not close, despite their coincident distribution in the Afrotropical region. Polytene chromosome studies (F. Lemeunier and M. Ashburner, unpublished data) show that the melanogaster species subgroup is more closely related to subgroups essentially limited to the Oriental region, e.g., the takahashii species subgroup. The purpose of this paper is to consider the relationships within the melanogaster species subgroup by an analysis of the sequences of their Adh genes. The relationships between the major branches of the melanogaster species subgroup, based on polytene chromosome analysis, have been studied by Ashburner ( 1976, 1984) . These provide independent criteria for evaluating phylogenetic hypotheses from the sequence data.
The Adh gene itself is interesting for a study of molecular evolution for several reasons (for a review, see Sullivan et al. 1989 ). Not only is it involved in the adaptation of Drosophila to fermenting substrates, but also the molecular basis for its transcriptional control is the object of considerable study, in D. melanogaster and several other species. For this reason we have evaluated conservation and change in sequence, with respect to knowledge of the sequences to which trans-acting transcriptional factors bind.
The D. melanogaster species subgroup consists of eight sibling species (Lemeunier et al. 1986) . Two species (D. melanogaster and D. simulans) are cosmopolitan, two (D. mauritiana and D. sechellia) are island endemics, and the remaining four (D. erecta, D. orena, D. teissieri, and D. yakuba) are endemic to western and central Africa. Many studies have been made to determine the phylogenetic relationships between these species, perhaps the most comprehensive being cytological studies on polytene chromosome banding patterns (Lemeunier and 287 Downloaded from https://academic.oup.com/mbe/article-abstract/11/2/287/1113046 by guest on 17 January 2019 288 Jeffs et al. Ashburner 1976 , 1984 , allozyme electrophoretic distances (Cariou 1987) , and the molecular analysis of the A&z gene (Bodmer and Ashburner 1984; Coyne and Kreitman 1986; Cohn and Moore 1988) . Lachaise et al. ( 1988) reconciled these data with biogeographic evidence relevant to the evolutionary history of the subgroup. The origin of the subgroup was considered to be by immigration of an ancestral population into equatorial Africa from Eurasia. This, it was suggested, occurred 17-20 Mya, at the time when fauna1 interchange between Africa and Eurasia by a continental route was first possible. As a consequence of vicariance, differentiation of this population occurred, probably in west equatorial Africa, first giving rise to the erecta-arena lineage and then to the yakuba-teissieri and proto-melanogaster lineages. Differentiation within the melanogaster complex began in the late Pleistocene (about 2.5 Mya), as a result of tectonic activity in eastern Africa and the migration of a proto-simulans population to the less arid islands of the Indian Ocean.
Material and Methods Strains
Strains of Drosophila erecta (154. l) , D. teissieri (128.2) , and D. yakuba (115) were obtained from the Laboratoire de Biologie et Genetique Evolutives, Gifsur-Yvette, France.
Molecular Methods
All of the molecular methods used in this study have been described by Jeffs and Ashburner ( 199 1) .
Data Sets for Analysis
Because evolutionary constraints are likely to vary across the Adh-Adhr region, phylogenetic trees were constructed separately for the following five parts of the Adh-Adhr region: Adh coding region, Adh introns, Adhr coding region, Adhr introns, and the 5' noncoding region.
Furthermore, a phylogenetic analysis was also undertaken on a concatenation of these five regions.
Phylogenetic Analysis
Sequence alignments were carried out either using the GAP program in the sequence analysis package (version 6.0) of the Genetics Computer Group, University of Wisconsin (Devereux et al. 1984) or with CLUSTAL V (Higgins et al. 1992 ) and then were checked by eye. Because of the difficulties in aligning some of the more divergent sequence regions, especially in the 5' noncoding region and the intron sequences, phylogenetic analyses were also conducted on data sets after regions where the alignment was most uncertain had been removed.
A number of different methods of phylogenetic analysis were used in order to increase confidence in tht groupings found. All programs were taken from tht PHYLIP (version 3.5~) package of Felsenstein (1993) DNAML 'constructs a phylogeny under a stochastic model of molecular evolution with maximum-likelihooc inference. The relevant settings for the transition:trans version ratio were estimated from the empirical datl and were found to be 1: 1 for the Adh coding region, Ad/ introns, Adhr introns, and the complete Adh-Adhr codin region; 2:l for the Adhr coding region; and 0.75:1 fol the 5' noncoding region. The relevant settings for thf rates of nucleotide substitution at codon positions 1, 2 and 3 were found to be 3: 1:8 and 2: 1:20 for the Adh ant Adhr coding regions, respectively.
"Global" branch swapping was used in all cases, and multiple runs of tht programs were made (with the Jumble option) in order to have a better chance of finding the tree of highes likelihood.
The likelihoods of competing trees were compared directly by a significance test based on the mean and variance of the differences in log likelihood: (Kishino and Hasegawa 1989) .
NEIGHBOR clusters a matrix of nucleotide se quence distances according to the neighbor-joining al gorithm of Saitou and Nei (1987) . The distances them selves were estimated under Kimura's two-paramete method by using the DNADIST program. In order tc assign some degree of certainty to individual groupings 2,000 bootstrap replications were used in the neighbor joining analysis (according to the suggestion of Hedge 1992) by making use of the SEQBOOT and CONSENSI programs in PHYLIP. Neighbor-joining trees were also constructed on a matrix of silent substitution distance as estimated by the method of Li et al. (1985) (Progran LWL89 was provided by K. Wolfe, Department of Ge netics, Trinity College, Dublin). Finally, phylogenetic trees were reconstructed under the parsimony criterion (with 2,000 bootstrap replications; PHYLIP program SEQBOOT, DNAPARS, and CONSENSE).
In order to root the phylogenetic trees, an outgroup species has to be specified. Unless stated otherwise, the estimates of pairwise differences between sequences are uncorrected for multiple substitutions.
When correction has been used, the frequencies of substitution per site are estimated by d = -0.751n( 1-4p/3) (Jukes and Cantor 1969) .
Codon bias was estimated by calculating the expected use of synonymous codons (using M. J. Bishop's EQUALCODONS program) and then calculating x2 for the difference between the observed and expected codon tables (with M. J. Bishop's CODONFIT program) . For comparison between different genes, the total x2 is normalized by dividing by the number of codons (L), and the measure of codon bias is expressed as xc*/L (Shields et al. 1988) . Codon bias was also estimated by calculating N,, the effective number of codons (Wright 1990) . N, was estimated using the CODONS program of Lloyd and Sharp (1992) . Were codon use random, then the value of N, would be 6 1, and the most extreme bias would result in N, = 20.
Data Deposition
The new sequence data are not published in full but have been deposited in the EMBL/GenBank/DDBJ nucleic acid sequence data banks, under the following accession numbers: 
Sequence Numbering
The sequences are all numbered with respect to the distal messenger RNA (mRNA) start ,of D. melanogaster Adh. This base is + 1, and bases are negative 5' to it and positive 3' to it. Base + 1 is numbered 477 1 in the data bank accession 200030.
Results

Cloning and Sequencing the Adh Genes
D.
Genomic phage libraries from Drosophila yakuba, teissieri, and D. erecta were screened with a . D. melanogaster Adh probe, and a number of positive phage were recovered from each. Restriction mapping showed that all the phage from the D. erecta library came from a single genomic region but that the phage from the D. yakuba and D. teissieri libraries were of two classes, each corresponding to a different set of fragments seen to hybridize to total genomic DNA. One of these classes has been shown to correspond to clones of an Adh pseudogene in each of these species (Jeffs and Ashburner 199 1; also see Long and Langley 1993 
Rates of Substitution
The numbers of synonymous and nonsynonymous nucleotide substitutions between the Adh and Adhr genes of the subgroup were estimated using the method of Li et al. (1985) . (thicker fines) . Note that the position of the introns between these are very similar in the two genes. Adh is transcribed from either a distal (PD) or proximal (Pp) promoter. The length (in bp) of each region in each of the nine species is shown below the diagrams (intron lengths are in italics). The third column of numbers refers to the sequence unique to the 5' end of the proximal Adh mRNA, and the fourth column refers to the sequence common to the 5' end of the proximal and distal Adh mRNAs. 
Distal Enhancer Sequences
We have analyzed about 650-bp of sequence upstream of Adh in seven of the species. Within this region is located the "adult" Adh enhancer (Corbin and Maniatis 1989a, 19896; Ayer and Benyajati 1990, 1992; England et al. 1990; Falb and Maniatis 1992a) . This A+T-rich
shows a markedly mosaic pattern of highly conserved and highly divergent regions ( fig. 2) . The 200 bp immediately distal to the distal mRNA cap site shows an identity of 0.735 between all seven species. From -20 1 to -430 this identity is only 0.196; from -43 1 to -603 there is a second conserved region, with an identity of 0.734. The regions of high identity include all of the sites that are protected against DNAse 1 digestion when bound to purified Adfl transcription factor in both D. melanogaster and D. orena (Moses et al. 1990 
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atcgaaagagcctgctaaaacaa------------c ******************* *** ********** ***** ******x*** ** *** Ayer and Benyajati (1990) have identified three other putative transcription factor binding sites: for AP-1, between -493 and -486; for DTF-1, between -532 and -525; and for octamer-binding factors, between -567 and -558. All three sites are absolutely conserved between the seven species, except for a single base change in the D. arena "octamer binding site." The sequence GAGAGA, between -37 and -42 with respect to the distal mRNA cap, is probably not a binding site for the GAGA factor (Biggin and Tjian 1988) . Not only is this sequence not required for distal transcription of Adh in Drosophila tissue culture cells (Ayer and Benyajati 1990), but also it is not conserved, even in the melanogaster species subgroup ( fig. 2 ).
Ayer and Benyajati (1992) have identified four sites in the adult enhancer that bind nuclear proteins from Drosophila tissue culture cells. DEPj (between -450 and -438) is relatively poorly conserved in sequence among the seven species; DEP4 fully overlaps the putative DTF-1 binding factor and the Adfl d7 sites already mentioned, as well as the site binding adult-enhancer factor-l (Falb and Maniatis 1992b) . The overlapping DEP 1 -DEP2 site overlaps the putative AP-1 binding site (above) and the d6 Adf-1 site reported by Moses et al. (1990) . This palindromic site acts positively on expression from the distal promoter, especially at adult eclosion. It binds the FTZ-Fl transcription factor, which is a member of the steroid receptor protein superfamily (Lavorgna et al. 199 l) , and perhaps another protein (DEP2) of the same class. The sequence of the DEPl-2 site is fully conserved among all seven species, with the exception of an A-to-G transition in D. orena. Immediately proximal to and overlapping the DEP4 site is one that binds the mammalian CCAAT/enhancerbinding protein (C/EBP) (Falb and Maniatis 1992a) . The C/EBP binding sequence is absolutely conserved in all species, except for a C-to-A change in D. sechellia Uk 2). Figure 3a and b show alignments of the 5'-untranslated regions of the distal and proximal Adh mRNAs. Within the meZanogaster species subgroup, two species-D. orena and D. erecta-differ from the others by a 12-bp deletion in the sequence common to both leaders (i.e., the sequence encoded by the untranslated part of exon 2; fig. 3b ). Apart from this deletion, the overall similarity between the leader sequences is very high-0.874 for the distal mRNA leader, 0.862 for the proximal. The distal leader of D. pseudoobscura is shorter than that in the melanogaster subgroup, 92 bases versus 11 l-123 bases. However, in that region of the leader encoded by exon 1 (which is 87 bp in all species except D. pseudoobscura, where it is 79 bp), the D. pseudoobscura sequence is reasonably conserved (a similarity of 0.655 with D. melanogaster). The proximal mRNA leader is also shorter in D. pseudoobscura than in D. melanogaster, 46 bases versus 70 bases, and is diverged in sequence to the extent has not been achieved. that a convincing alignment
Intron Sequences
The first intron of A& is specific to the distal transcript. It separates an entirely noncoding exon 1 from the noncoding 5' portion of exon 2 ( fig. 3b) . The length of this intron is similar in all melanogaster subgroup species, ranging from 6 13 bp (D. erecta) to 666 bp (D. teissieri). In D. pseudoobscura, intron 1 is 793 bp. Between-species comparisons of the sequences show a pattern similar to that seen for the sequences 5' to the mRNA (see above), i.e., a mosaic of conservation and divergence. This is probably for very similar reasons, since intron 1 also includes sequences that bind specific transcription factors (Heberlein et al. 1985) . From a study of the intron 1 sequences of D. melanogaster and D. orena, Moses et al. ( 1990) showed that the highly conserved sequences include those that can be protected against DNAse 1 digestion by purified Adfl transcription factor. These sequences are also conserved in all other members of the melanogaster subgroup ( fig. 4 ), but not obviously so in D. pseudoobscura.
Within the Adh protein coding region there are two small introns (63-67 bp and 60-75 bp). These show a much lower degree of sequence conservation than does intron 1, both within the melanogaster subgroup and in comparison with D. pseudoobscura (which is essentially random in intron 2, compared with D. melanogaster). The two introns within Adhr (312-435 bp and 51-58 bp) show a very similar pattern.
Adh-Adhr Spacer Sequence
The "spacer" region that separates Adh and Adhr (taken as being the sequence from the Adh terminator codon to the Adhr ATG codon) may include both the sequences required for the correct termination of transcription of Adh and the sequences required for the correct initiation of transcription of Adhr (fig. 5) . The sequence varies in length, between 296 bp and 326 bp. It is, overall, very high in A+T (0.634 in D. melanogaster) and, within the melanogaster subgroup, reasonably conserved in sequence (~0.85, for all pairwise comparisons). Between these species and D. pseudoobscura the conservation is less, of the order of 0.55. However, achieving a satisfactory alignment of the D. pseudoobscura and melanogaster subgroup sequences is not trivial.
It has been claimed that Adhr has both CAAT and TATA boxes upstream of its coding region (Schaeffer and Aquadro 1987; Marfany and Gonzalez-Duarte 199 1) . The sequence thought to represent a CAAT box in D. pseudoobscura is very well conserved between D. pseudoobscura and the melanogaster subgroup. It is in the same position, relative to the ATG codon of Adhr (but not relative to the terminator codon of Adh), in D. pseudoobscura and D. melanogaster and is identical in sequence in all species. The sequence thought to represent the Adhr TATA box in D. pseudoobscura is not conserved in position between D. pseudoobscura and the melanogaster subgroup; the similar sequence in these species is probably that at + 1880 to + 1888. However, this does not look to be a very convincing TATA box, since the region in general has a very high A+T content and since the putative box is not in a G+C-rich local environment.
The sequence immediately upstream of the ATG codon of Adhr is very highly conserved within the melanogaster subgroup and with D. pseudoobscura. It departs from the Drosophila translational start consensus in having a G in position -2 (with respect to the ATG) (Cavener 1987) .
Adh Protein Sequences
The translated Adh DNA sequences of all eight species of the melanogaster species subgroup and of D. pseudoobscura are given in figure 6 . The sequences of the melanogaster subgroup species differ from that of D. pseudoobscura (and, in fact, from all species in other species groups or subgroups of Drosophila) by two extra residues (positions 3 and 4). Apart from this difference there are 32 variable sites, of which 13 are unique to D. pseudoobscura (table 3) .
The sequences of the available Adhr proteins are shown aligned in figure 7 . The conservation between these proteins is even higher than that for Adh (table 4). All amino acid substitutions are unique to a single species. The Adhr proteins of the obscura group species are extended, with respect to those of the melanogaster subgroup, at their C-termini, by six amino acids in D. pseudoobscura and D. miranda and by nine amino acids in D. ambigua.
Phylogenetic Analysis
Our analysis has concentrated on the relationships of the four species of the melanogaster species complex: mauritiana, melanogaster, sechellia, and simulans.
There are three possible topologies (I-III) relating simulans, mauritiana, and sechellia if melanogaster is assumed to be the sister group to these three. This assumption is consistent with all the data presented here (see below), as well as with those presented elsewhere (Lachaise et al. 1988 -gaagtgataatcccaaaaaa---aaaacataacattagttcatagggttctgcgaaccacaagatattcacgcaa -gaagtgatactcccaagaaa-----cacataacattagttcatagggttctgcgaaccacaagatattcacgcaa -gaagtgatactcccaagaaa-----cacataacattagttcatagggttctgcgaaccacaagatattcacgcaa -gaagtgatactcccaagaaa-----cacataacattagttcatagggttctgcgaaccacaagatattcacgcaa agaagtgatacccccaagaaacaccacacataacattagttcatagggttctgcgaaccaccagatattcacgcaa agaagtgatactcccaacaaacaccacacataacattaattcataaa-ttctacaa-ccaccaaatattcacaaaa ggaagtgacacacccacgaag-----cacataacattagtcaa agaagtgatacacccaagaag-----cacatagcattagttcatagg-ttctgcgaaccaagagatattcacgcaa t****** * **** l * l **** l ************* ******** *** *********** t* ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ggcaataaggctgatt ****************
ctaatacgat aataaa actttccatgaaaaatatggaaaa-atatatgaaaattgagaaatccaaaaaactgataaacgctctac----------------t ctaatacgat aataaa actctccatgaaaaatatggaaaa-atatatgaaaattgagaaatccaaaaaactgataaacgctctac----------------t ctaatacgat aataaa actctccatgaaaaatatggaaaa-atatatgaaaattgagaaatccaaaaaactgataaacgctctac----------------t ctaatacgat aataaa actctccatgaaaaatatggaaaa-atatatgaaaattgagaaatccaaaaaactgataaacgctctac----------------t
ctaattcgat aataaa actctccat-aaaaatatggaaaa-atatatgaaaattgagaaatccaaaatagtgataagccgcctgcctagggggcta---aat ctaattcgat aataaa actctccatagg--atatggaaaa-atatatgaaaattgagaaatccaaaatagtgataagccgtctgcctagggggcta---aat ctaatacgat aataaa gctctccataggaaatatggaaaaaatatatgaaaattgagaaattgagaaatcgagaaatccaaatatgtgataagccctctact ctaatacgat aataaa gctctccatgagaagtatggaaaa-ctatatgaaaattgagaa-tccgagtatgtgataagccctctac----------------t ***** t*** ****** ** ***** l ********* l **************** l l *t * * gggagcggcagga-atggc-ggagcat--------ggccaagttcc-tccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg +1984 gggagcggctgga-atggc-ggaacat--------ggccaagttcc-tccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg gggagcggctgga-atggc-ggaacat--------ggccaggttcc-ttcgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg aggagcggctgga-atggc-ggaacat--------ggccaagttcc-tccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg gggagtggctgga-atggc-gtagca---------ggcccagttcc-tccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg gggagtgactgga-gtggctggaatagcggagcg-ggcccagttcc-tccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg gggagtggctgga-gtggcaggaatggcggagtaaggcccagttccacccgccaatcagtcgtaaaacagaagtcgtggaaagcggactagaaaga atg gggagtggctggaaaE~?~a?g~atggcggcgta--?~~cagttcctcccgccaatcagtcgtaaaacagaagtcgtggaaagcgga-tagaaaga atg **** t * *** ***** *******************************tt**t** t******t **t taattaaa atagataaal taattaaa atagataaai taattaaa atagataaal taattaaa atagataaal taattaaa atagataagt taattaaa atagataaat taat taaa atagataaat taattaaa atagataaat l ***+**t l ******* 3 FIG. 5.-Alignment of the "spacer" region between Adh and Adhr. This sequence starts with the Adh terminator codon and ends with the Adhr initiating methionine codon. The sequence in italics from + 1756 to + 177 1 may represent the CAAT box of Adhr (Schaeffer and Aquadro 1987) . It is identical in sequence in Drosophila pseudoobscura. The Adh poly-A addition signal sequence is in boldface, and a putative Adhr TATA box is indicated by italics.
expected that the functional A& genes of teissieri and yakuba would group together. Although this is not the case in either the maximum-likelihood or the neighborjoining analyses, the length of the branch between teissieri and yakuba in the former analysis was so short as to be insignificant under the maximum-likelihood model. In the neighbor-joining analysis only 58% of bootstraps grouped the functional teissieri gene with the two pseudogenes. These two sequences did group together in the parsimony analysis, however, although with support from only 44% of the bootstrap replications ( fig. 8b) .
All methods of analysis suggest that mauritiana and sechellia are sister species in the melanogaster species complex, thereby supporting topology II (table 5). The closeness of branching events, however, is evident from the fact that, on the basis of the maximum-likelihood significance test, this topology is not significantly better than either of the other possibilities and that, in the bootstrap neighbor-joining and parsimony analyses, only 7 1% and 58% of replications, respectively, supported the mauritiana-sechellia grouping.
Adhr Coding Sequence
The 837 bp of the Adhr coding sequence supports topology I under all three methods of analysis, although not significantly so in the case of the maximum-likelihood analysis (table 5) AGLGGIGLDTSRELVKRNLKNLVILDRIDNPAAIAELKAINPKVTITFYPYDVTVPVAETTKLLKTIFAQVKTIDVLINGAGILDDHQIERTIAVNYTGLVNTTTAILDFWD *****t.*************.~~.~~.~~~~~~~~~~.~~~~~~~~.~~~~~~~.~~~~~~~~~~.~~~.~~~~~~~~.. l _************ l *************************t* me1 sim GGPGGIICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSS~LAPITG~AYT~PGITRTTL~KFNS~DVEPQVAEKLL~PTQPSLACA~FV~IELNQNGAI~LDLGTL~IQ~~SGI GGPGGIICNIGSVTGFNAIYQVPVYSGTKFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAHPTQPSLACAENFVKAIELNQNGAIWKLDLGTLEAIQWTKHWDSGI mau GGPGGIICNIGSVTGFNAIYQVPVYSGTKFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAHPTQPSLACAENFVXAIELNQNGAIWKLDLSTLEAVQWTKHWDSGI set yak GGPGGIICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAHPTQPSLACAENFVKIELNQNGAIWKLDLGTLEAIQWTKHWD tei GGPGGIICNIGSVTGFNAIYQVPVYSGTKAAVVNFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAQPNQPSLACAQNFVIELNQNRAIWKLDLGTLEAIQWSKHWDS GGPGGIICNIGSVTGFNAIYQVPVYSGTKFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAHPTQPSLACAENFVIELNQNGAIWKLDLGTLEAIQWSKHWDSGI ore GGPGGIICNIGSVTGFNAIYQVPVYSGTKFTSSLAKLAPITGVTAYTVNPGITRTTLVHKFNSWLDVEPQVAEKLLAHPIQSSLACAENFVKAIELNENGAIWKLDLGTLEAIKWSKHWDSGI ere GGPGGIICNIGSVTGFNAIYQVPVYSGTKFTSSLAKLAPITGVTAYTWPGITRTTLVHKFNSWLDVEPQVAEKLLAHPTQTSLSCAENFVKAIELNENGAIWKLDLGTLEAIQWSKHWDSGI we GGPGGIICNIGSVTGFNAIYQVPWSGSKFTSSLAKLAPITGVTAYTWPGITKTTLVHKFNSWLDVEPRVAEKLLEHPTQTSQQCAENFVKIELNKNGAIWKLDLGTLEPITWTQHWDSGI **e******tttt***~***~~~~~~~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.~~~~~~~~~~~~*~~.~~~~~~ .t * l ** *******t* * ******* *** *__****** . . . 19911: these are H2 11 to Q, T213 to N, and G233 to R.) three coding differences analysis favored topology II, although not significantly so, while the bootstrap-parsimony and neighbor-joining analyses favored topology I, again without significance. When all regions of suspect alignment were removed, providing a data set of 655 bp, all methods, including maximum likelihood, favored topology I (sechellia and simulans), although none did so significantly (data and results not shown).
A&r Introns
Topologies I and II are also both favored in the phylogenetic analysis of the 5 16-bp A&r intron sequences. The maximum-likelihood and the neighborjoining analyses favored topology II, while the parsimony analysis favored topology I. The same pattern was found when the regions of difficult alignment (n = 334 bp) were removed. It is interesting that the mauritiana-sechellia grouping (topology II) was favored in 97% of bootstrap replications in the neighbor-joining analysis of this smaller data set.
5' Noncoding Region
Maximum-likelihood analysis of 723 bp of the 5' noncoding region found all trees to be of very similar likelihood, with highest support being given to the tree linking sechellia and simulans (topology I). The closeness of the likelihoods-they are not significantly differentand the fact that both the maximum-parsimony and neighbor-joining analyses back the mauritiana-sechellia grouping (topology II) suggests that there is not enough information in the 5' noncoding region to resolve the phylogeny, although the parsimony method found this topology in 96% of bootstrap replications.
None of the topologies was significantly supported in trees reconstructed on 376 bp of sequence with the regions of difficult alignment removed.
Complete Adh-Adhr Region
The maximum-likelihood analysis of a concatenation of the five separate Adh-Adhr regions (n = 3,666)
ere pse MFDLTGKHVCWADCGGIALETSKVLMTKNIAKLAIL~SLENP~AIA~L~SIKPST~IFFWTYDVTMAREEMKKYFDE~~MDYIDVLINGATLCDENNIDATINTNLTGMMNTVATVL MYDLTGKHVCWADCGGIALETSKVLMTKNIAKLAILQSVENPPAIAQLQSIKHSTQIFFWTFD~~EEMKKYFDE~QMDYID~INGATLCDE~IDATINTNLTG~TVATVL *.***.****t**************************** *** ********* ********.*******.***********************~~~~ t*t**t*************** me1 sim set PYMDRKIGGTGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYSQNGVAVMAVCCGPTRVFVDRELKAFLEYGQSFADRLRRAPCQSTSVCGQNIVNAIERSENGQIWIAD PYMDRKMGGSGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYSQNGVAVMAVCCGPTRVFVDRKLKAFLEYGQSFADRLRRAPCQSTSVCGQNIVNAIERSENGQIWIAD PYMDRKMGGSGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYSQNGVAVMAVCCGPTRVFVDRKLKAFLEYGQSFADRLRRAPCQSTSVCGQNIVNAIERSENGQIWIAD mau tei PYMDRKMGGSGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYSQNGVAVMAVCCGPTRVFVDRELKAFLEYGQSFADRLRRAPCQSTSVCGQNIVNAIERSENGQIWIAD PYMDROMGGSGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYSONGVAVMAVCCGPTRVFVDRELKAFLEYGOSFADRLRRAPCOSTSVCGQNIVNAIERSENGQIWIAD ere pse PHMDRKMGGSGGLIVNVTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYS~NGVA~VCCGPTRVFVDREL~FLEYG-PYMDRKMGGSGGLIVMPTSVIGLDPSPVFCAYSASKFGVIGFTRSLADPLYYTQNGVAVMAVCCGPTKVFVDRELTAFLEYGQSFADRLRRAPCQSTAVCGQNIVNAIERSENGQIWIAD l ***.***. **********************t*****************~*.~~~~~*~~~~~~~~.
*t*** * *******************t* **********************
DQFLHYMQSNDEEDQE------KGGLESVALHWYWHMA DQFVNYMQSTDDEDQEFFLGQR ******* *********** **t* *.***. (Benyajati et al. 1983; Dickinson et al. 1984; Thomson et al. 199 1) . The distal promoter is used predominantly in adult stages, and the proximal promoter is used predominantly in larval the stage (Savakis et al. 1986 ). The structure and sequences of the Adh genes of all other members of the melanogaster subgroup, and of the genes of the obscura species group, suggest that this transcriptional organization is conserved. Indeed, i appears to be conserved in all other drosophilids, wit1
the particular exception of species in the repleta groul of the subgenus Drosophila. For example, the two-pro moter arrangement has been found in Scaptodrosophih lebanonensis (Alabat and Gonzalez-Duarte 1990; Juan et al. 1990) , and in several members of the Hawaiiar genus Idiomyia (Bishop and Hunt 1988 (Rowan and Dick inson 1988) .
In the repleta species group of the subgenus Dro sophila the structure of the Adh genes is different fron that just described. These species have two functiona Adh genes arranged in tandem (and usually a pseudogent as well). Each of these two genes is transcribed from : single promoter, with different developmental specific, ities (Fischer and Maniatis 1985; Atkinson et al. 1988 Menotti-Raymond et al. 199 1) . It is interesting that ir I. a@nidisjuncta there is evidence of a past duplicatior of Adh. Immediately 3' to the single functional gene then is a 525bp sequence that is a direct duplication of se, quences just 5' to Adh itself (Rowan and Dickinsor 1988) . A similar duplication is seen in I. heteroneurc (Rowan and Hunt 199 1 NOTE.-The most favored topology, as inferred by three different methods of phylogenetic analysis, is denoted as follows: ML = maximum likelihood; MP = maximum parsimony: and NJ = neighbor joining. For the ML analysis the log likelihood of the ML topology is presented along with the difference in likelihood between this and the competing two topologies. For the ML and NJ analyses, the percentage of bootstrap replications (of a total of 2,000 replications) supporting the most favored topology is also shown. n = length of sequence analyzed.
a Total is less than that of the five regions combined, because some gaps introduced when Drosophila erecla was used as the outgroup are removed when D. teissieri is used as the outgroup.
b Topology that is found to be significantly worse than the ML topology.
S. lebanonensis (E. Juan, personal communication) .
In these species it is conserved in structure, sequence, and position, relative to A& (see fig. 1 ). The predicted protein product ofAdhr is clearly related to that ofA&, in both primary sequence and secondary structure (see fig. 5 of Schaeffer and Aquadro 1987) . The overall level of similarity between the two proteins is about 36%. The positions of the two introns within Adhr are very similar to those of introns 2 and 3 in Adh. These features all suggest an origin of Adhr from Adh by duplication (or vice versa) (Schaeffer and Aquadro 1987) .
The function of Adhr and its protein is enigmatic, although its sequence is well conserved. It is not an alcohol dehydrogenase (ADH), or at least not one with significant activity with short-chain primary or secondary alcohols as substrates. This is because no ADH activity can be detected in many different D. melanogaster Adh-null mutant strains. In D. melanogaster, at least, Adhr is not a vital gene, since many deletions that include both it and Adh are viable when homozygous (for genetic evidence that these deletions remove Adhr, see, e.g., Ashburner et al. 1982 ; for molecular evidence that these deletions remove Adhr, see, e.g., Chia et al. 1985) . Adhr, like Adh, is almost certainly included within an intron of the outspread gene, at least in D. melanugaster (Chia et al. 1985 ; S. McNabb and M. Ashburner, unpublished data).
ADH is an NAD-dependent dehydrogenase and, in common with other enzymes of this class, has the characteristic glycine residues at the NAD-binding site (see Persson et al. 199 1) . The amino acid sequence FVAGLGGIG (residues 1 1 -19) is conserved in 35 of 36
Drosophila ADH sequences. Gly 14 is known to be essential for both ADH activity and NAD binding, since the EMS-induced
Adhn" mutation of D. melanogaster is substituted by an aspartic acid residue at this site. ADH from this mutant strain is inactive and has a lower affinity for S-AMP, a competitive inhibitor of coenzyme binding (Thatcher 1980; Thatcher and Retzios 1980) . The predicted ADHR protein lacks Gly 14; the amino acid sequence in all eight known Adhr genes in this region is YVADCGGIA. Of the three glycyl residues (Gly14, Gly 17, and Gly19) conserved in NADdependent dehydrogenases, only Gly 17 is conserved in ADHR. (We should say that the ADH of S. lebanonensis also lacks Gly14, it being replaced by an alanyl residue [see Villarroya and Juan 199 I] . However, D. melanogaster ADH in which Gly 14 is replaced [in vitro] by Ala 14 is an active enzyme, albeit with a somewhat reduced specific activity and decreased thermal stability [Chen et al. 19901.) These considerations indicate that, whatever its function, ADHR is not an NAD-dependent dehydrogenase or, if it is, then it is a most unusual one. That nine amino acid residues (in addition to those of the NAD-binding domain) that are very highly conserved. ADHR has all of these except one: the conserved Gly94 is replaced by threonine in all known ADHR sequences. Asp38, conserved in many but not in all NAD-dependent dehydrogenases (Persson et al. 199 I) , is Glu38 in
Adhr. Substitution of Asp38 by Asn38 allows Drosophila ADH to use both NAD+ and NADP+ as cofactors, but it increases the thermolability of the enzyme in the absence of cofactors (Chen et al. 199 1) .
ADHR is extended, with respect to ADH, at its carboxy-terminus.
Indeed the C-terminus of ADHR is remarkably variable between species (see above). ADHR also differs from ADH in having a rather high (4.4%) methionine content. This is interesting because Henikoff and Wallace (1988) identified, in the fly Sarcophaga (Matsumoto et al. 1985) , a fat-body protein that is about as related to ADH as ADH is to ADHR. This must be so, in light of the very high divergence (only about 36% similarity) between the ADH and ADHR proteins. The most obvious hypothesis is that in the subgenus DrosophiZa (or at least in those species that have been studied) Adhr is no longer directly adjacent to Adh.
Phylogenetic Relationships of the Adh Pseudogenes
All the trees constructed from the Adh coding region suggest that the teissieri and yakuba pseudogenes have a single common origin, grouping together on the phylogenetic tree rather than with their functional counterparts. This coincides with the molecular evidence for a Downloaded from https://academic.oup.com/mbe/article-abstract/11/2/287/1113046 by guest on 17 January 2019 single origin of the pseudogenes (Jeffs and Ashburner 199 1) . Both the maximum-likelihood and neighborjoining phylogenetic trees depict an unrealistic topology whereby the functional Adh gene from teissieri gave rise to the pseudogenes from both teissieri and yakuba. This is likely to be a reflection of the fact that the pseudogenes originated very shortly before the species themselves diverged (see Jeffs and Ashburner 199 1) . Such a speciation event, coupled with the change in rates of nucleotide substitution concomitant with a change in gene function (i.e., the production of a processed pseudogene), is likely to muddy any picture of phylogenetic relationships. The acceleration of rate along the lineage leading to the pseudogenes is clearly depicted in the long branch that connects them to their functional counterparts.
Synonymous and Nonsynonymous Substitutions
We have estimated the frequencies of substitution at synonymous and nonsynonymous codon positions within both Adh and Adhr, using the weighted-pathway method of Li et al. (1985) . A major contributor to codon bias in these genes is that A is very rarely used in the third position of codons. In Adh genes the third base is A in only 3.15%-4.67% of cases; in Adhr this frequency range is 9.68%-19.05%. Starmer and Sullivan (1989) point out that the very biased codon use of the sophophoran Adh genes is not characteristic of these genes in the subgenus Drosophila.
Although the correlation between high codon bias and low rates of substitution at synonymous codon sites is very clear, and must be so if codon bias is to be preserved over time, the biological significance of the bias is less so. Shields et al. (1988) suggest that genes with low codon bias are expressed at a lower level than are those with high codon bias. This may be so, although it is very difficult to obtain good data on relative rates of gene expression in multicellular organisms.
Relationships within the melanogaster Species
Complex
In this study we have assessed, using six DNA sequence data sets from the Adh-Adhr region and three different methods of phylogenetic reconstruction, the relative merits of three hypotheses of relationship of the four species of the melanogaster complex-i.e., topologies I-III (table 5) . In all cases it was assumed that melanogaster is the sister group to the three other species.
Such an assumption not only conforms to evidence from other studies (see Lachaise et al. 1988 ) but also to all the trees inferred in the present study (with a high degree of significance).
Despite the fact that a total of 3,666 sequence positions were analyzed, no single topology was conclusively favored, although topology III, placing mauritiana and simulans as the closest species pair, was consistently the least favored, significantly so in the maximum-like- Lachaise et al. (1988) on the basis of a variety of other data, principally biogeography and polytene chromosome banding patterns.
